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Abstract 
Because of flexible design, long life, and low-cost maintenance, redox flow cell has been recognized as one of the reliable energy storage 
techniques in remote power systems. In redox flow cells, electrolyte circulation through carbon felt is necessary in order to produce effective 
ion exchange during the charge and discharge operations. Pumping power required for electrolyte circulation could be significant, especially 
for multi-stack cell, due to low permeability of the porous carbon felt. Moreover, effective method for transporting bubbles formed inside the 
electrode is necessary for increasing the effective area of reaction of the electrodes. To further improve the overall performance of the redox 
flow cells, we proposed several novel designs of electrolyte inlet/outlet port and flow passage in carbon felt intending to reduce the electro-
lyte pumping power and to increase the effective area. Based on our numerical modeling, it is found that pumping power can be reduced by 
appropriate inlet/outlet port design and carbon felt with flow channel. The non-uniform flow pattern may cause the bubbles to be carried 
away from the electrodes effectively. The proposed designs can be applied not only for the single-stack cell but also applicable for the multi-
ple-stacked cells. 
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1. Introduction 
Renewable energy, such as wind turbine and photovoltaic, 
produces clean and sustainable energy. However, power 
produced from these devices is not a steady power. Electri-
cal energy storage is needed to buffer the peak power on 
electrical grid. This becomes more critical in near future 
when the usage of renewable energy increases and smart 
grid and micro-gird implement. There are several available 
electricity storage technologies, namely hydro-pump, com-
pressed air energy storage (CAES), and secondary batteries. 
Although the hydro-pump is the most matured and conven-
ient storage for electrical energy, however, it is constrained 
by geometrical and environmental issues. Secondary battery, 
such as lead acid battery，is considered as the energy storage 
for stand alone photovoltaic system [1-2]. Due to limited life 
cycle, it can not be used for large scale energy storage. 
Lithium ion battery as well as nickel metal hydride battery 
has high energy storage density and efficiency. At present 
stage, they are not for large scale energy storage applications 
because of their safety and high cost. Redox flow battery is a 
promising energy storage technology due to low cost and 
long cycle life up to 13,000 cycles [3-6]. 
The principle of a redox flow battery involves coupled 
reversible electrochemical reactions. For the charging opera-
tion, reduction and oxidation reactions take place at the 
positive electrode and negative electrode, respectively. For 
the discharging operation, reversed reactions of the charging 
operation occur at the electrodes. An energy storage system 
of a redox flow battery contains two chemical storage tanks, 
two pumps, an electrolytic cell, and a converter. Extra elec-
tricity is converted into DC current via the converter and fed 
into the electrolytic cell. Electrolytes circulated by pumps 
between the electrolytic cell and storage tanks, are converted 
into high energy chemicals inside the cell during the charg-
ing from extra electricity. When electricity is needed, the 
high energy electrolytes are circulated between the cell and 
tanks and chemical energy is converted into DC power. The 
generated DC power from the electrolytic cell is converted 
into AC power via the converter [7-8]. 
There are several redox flow batteries under development. 
Vanadium redox battery (VRB) is the most mature energy 
storage technology among others [3]. It uses the same ele-
ment (vanadium) in both positive and negative cell com-
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partments to eliminate the cross contamination of reacting 
species. Many kW to MW VRB energy storage systems 
have been demonstrated worldwide. At present, the energy 
storage efficiency of VRB is around 80% [9-10]. Energy 
consumed by the circulation pump can be reduced to in-
crease the storage efficiency. Most of the energy consumed 
by the circulation pump is to overcome the pressure gradient 
inside the electrolytic cell where the aqueous electrolyte is 
forcing flow through a porous carbon electrode. Configura-
tion of the cell and design of the electrolyte flow pattern are 
the crucial issues for reducing the electrolyte pumping 
power consumption.  
  Most of the VRB researches focused on electrode charac-
teristics for enhancing the battery efficiency and pay less at-
tention to the flow channel and cell configuration designs 
for reducing the pumping power. Miyabayashi et al. [11] 
proposed a cell design with multiple inlets and outlets to re-
duce the pressure drop and to reach a uniform flow distribu-
tion pattern. Inoue et al. [12] proposed a porous electrode 
with internal hollow cavities. They pointed out that these 
cavities were able to reduce the pressure drop as the electro-
lyte flows across the entire electrode. Harper et al. [13] pro-
posed a flow channel design on the bipolar plate similar to 
the flow channels used in proton exchange membrane fuel 
cell (PEMFC) to reduce the pressure drop and to obtain a 
uniformly distributed flow pattern. They further proposed an 
inter-digital channel design for the flow cell [14]. They 
claimed that the inter-digital channel design can enhance the 
cell performance without increasing the pressure drop sig-
nificantly as the electrolyte flowing through the porous elec-
trode. Moreover, the flow cell must satisfy the requirement 
that the contact area between the electrolyte and electrode is 
as large as possible. Failure of this requirement leads to low 
utilization of electrode and lower power density. 
  In this study, several novel designs on the electrolyte flow 
passage through the porous electrode are proposed. It is 
aimed to reduce the pressure drop further as the electrolyte 
flowing through the porous electrode. The pressure drop and 
flow pattern as the electrolyte flowing across the electrode 
are numerically predicted and compared.  
2. Design model 
The conventional design of a single stage VRB is com-
posed by two equal-sized flow cells in rectangular shape. In 
one side of the VRB, porous electrode such as carbon felt is 
inserted in a rectangular-shaped cavity. Similar configura-
tion is employed for the other side of the VRB. In between 
these two flow cells, ion exchange membrane such as 
Nafion is sandwiched. The entire system is assembled to-
gether by screw bolts around the edge of the battery. The 
electrolyte is introduced into the cell from the inlet port lo-
cated at one of corners of the cell, circulated by a pump, and 
flows out of the cell from the corner opposite to the inlet 
port. The disadvantages of the conventional design are the 
flow non-uniformity which reduces the contact area between 
the electrolyte and electrode and high pressure drop which 
lowers the battery overall efficiency.   
In this study, we propose six novel designs as shown in 
Fig. 1 in order to overcome the disadvantages in the conven-
tional design. In these designs, flow channels are introduced 
for distributing the electrolyte as it flows into porous elec-
trode and for collecting the electrolyte as it flows out of the 
porous electrode. All the designs shown in Fig. 1 have the 
same geometrical dimensions except the inlet/outlet ports and 
porous electrode designs. In our lab-scale VRB, the carbon 
felt electrode has the size of 100 mm × 100 mm × 3 mm. 
The flow channel for each design has the size of 100 mm × 
10 mm × 3 mm. The features of the design shown in Fig. 1 
are described below. In cell A shown in Fig. 1 (a), the elec-
trolyte flows into and out of the cell with direction parallel 
to the flow channel. It is expected that such design may pro-
vide the convenience in the future multi-stack cell assembly. 
The cell B design shown in Fig. 1 (b) was originally pro-
posed by Miyabayashi et al. [11]. It involves multiple inlet 
and outlet ports which are located perpendicularly to the 
flow channel. In the cell C design shown in Fig. 1 (c), large 
inlet and outlet port sizes are used with upcoming and out-
going flows perpendicular to the flow channel. For the de-
signs of cells D, E, and F shown in Figs. 1 (d), (e), and (f), 
respectively, the inlet/outlet port designs are the same as that 
of cell C but with different porous electrode configurations. 
In these designs, channels with different patterns are cut in 
the porous electrode. One of the purposes of these channels 
is to further reduce the pressure drop as the flow over the 
porous electrode. The other purpose which may be impor-
tant in the practical operation of VRB is that the cut channel 
may be used to carry the bubbles away from the electrode. 
The bubbles, resulted formed either from the dissolved gas 
in the electrolyte or water dissociation due to overcharge, 
are the undesired because they reduce the effective area of 
electrode and therefore need to be transported out of the 
electrodes. In cell D, each channel is dead-ended and has the 
length of 80 mm, width of 1 mm, and depth of 3 mm. For 
cell E, the channel design for the electrode is the same as 
that in cell D except that each channel is equipped with short 
branched channel. The length, width, and depth of the 
branched channel are as 5.7 mm, 1 mm, and 3 mm, respec-
tively. In cell F, staggered arranged channels are cut inside 
the electrode. The length, width, and depth of each channel 
are 15, 1, 3 mm, respectively. Each channel was 5 mm 
apart.  
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Fig. 1.  Flow cell designs proposed in this study: (a) Cell A with single flow inlet/outlet, (b) Cell B with multiple flow inlet/outlet, (c) 
Cell C with wide single inlet/outlet, (d) Cell D with wide single inlet/outlet, inter-digit hollow channels in porous electrode, (e) Cell E 
with wide single inlet/outlet, branched inter-digit hollow channels in porous electrode, (f) Cell F with wide single inlet/outlet, stag-
gered inter-digit hollow channels in porous electrode. 
3. Theoretical and numerical models 
The numerical simulation is carried out to evaluate the 
performance of each design described in Fig. 1. To avoid 
time-consuming three-dimensional computation, two-di-
mensional model was employed to investigate the flow pat-
terns in the porous electrode [15]. We assume that the po-
rous electrode can be treated as porous media having ho-
mogeneous porosity ε and permeability K. As shown in Fig. 
1, there are two fluid domains involved in the computation: 
the clean-fluid domain in which no electrode appeared, and 
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the electrode domain where the porous electrode is placed. 
Under the steady-state condition, the governing equations 
for the fluid flow in these two domains can be written as 
[16],  
Clear-fluid domain (flow channel and inlet/outlet ports): 
1 0V∇ ⋅ =
G
                        (1) 
2
1 1 1 1 1f V V p Vρ μ⋅∇ = −∇ + ∇
G G G
               (2) 
Porous electrode domain [17]: 
2 0V∇ ⋅ =
G
                       (3) 
22 2
2 2 2 2 2 2 22
f f FCV V p V V V V
K K
ρ ρμ μ
ε ε⋅∇ = −∇ + ∇ − −
G G G G G G
  (4) 
In these equations, subscripts 1 and 2 refer to the clear fluid 
and the porous electrode subdomains, respectively. fρ ,V
G
, 
μ, and ρ are the density, velocity vector, viscosity, and pres-
sure of the electrolyte, respectively. Eq. (4) is known as the 
Brinkman-Darcy-Forchheimer model for the fluid flow in 
porous media with constant porosity. For flow in porous 
media, the fluid viscosity is usually assumed to be the same 
as that of a clear fluid, ie, μ1 = μ2. The porosity and perme-
ability are two key factors that govern the fluid flow, heat 
transfer and mass transfer. In the VRB, carbon felt is usually 
employed as the electrode. The permeability and porosity 
would be important parameters in the VRB performance 
since they determine the mass transfer effectiveness as the 
electrolyte in contact with the electrode. In this study, vari-
ous permeability and porosity values will be chosen and 
their effect on pressure drop will be compared. In Eq. (4), 
the Forchheimer drag coefficient CF is given as [17],  
3 / 21.75 /( 150 )FC ε=             (5) 
Boundary conditions must be specified to complete the 
mathematical model. Referring to Fig. 1, the boundary con-
ditions are specified as follows,  
(i) Inlet 
Flow rate Q = Qin, pressure p = 0        (6a) 
(ii) Outlet 
1 0
V
n
∂ =∂
G
, n=direction normal to the outlet port.       (6b) 
(iii) Clear fluid-catalyst layer interface 
1 2V V=
G G
, 1 2p p= , 1 21 2
V V
n n
μ μ∂ ∂=∂ ∂
G G
                (6c) 
(iv) Cell wall 
1 2 0V V= =
G G
             (6d) 
The boundary conditions shown in Eq. (6c) are known as 
the continuous conditions. At the interface, the fluid velocity, 
pressure, and their gradients must be equal at the interface 
between the clear-fluid and porous electrode.   
All of the governing equations were solved simultane-
ously using the commercial finite element package COM-
SOL (version 3.3, http://www.femlab.com). The finite ele-
ment calculations were performed using quadratic triangular 
elements. Because the accuracy of the numerical solutions 
strongly depends on the mesh size, a refined mesh is neces-
sary in the region where the gradients of the dependent 
variable are pronounced. Finer meshes were used in this 
study in the regions around the clear fluid-porous electrode 
interface and near the cell wall to capture the subtle changes 
in fluid velocity. The solution independence on the mesh 
size was carefully studied before reporting the final results. 
The numerical results show that the solutions become mesh- 
independent when the element number exceeds approxi-
mately 16000. Hence, the results presented in this study 
were for 20000 to 30000 elements.  
4. Results and discussion 
Numerical calculations were carried out for each cell con-
figuration at various electrode permeability (K), porosity (ε), 
and electrolyte volumetric flow rate (Qin). Fig. 2 shows the 
typical result of streamlines for each design using K = 1 × 
10–11 m2, ε = 0.7, and Qin = 2 L/h. The streamlines can be 
used to realize the flow pattern through the porous electrode. 
In general, uniform flow patterns can be observed for Cells 
A, B, and C and no local eddies or dead corners were found. 
Due to the cut channels in the electrode, the flow patterns of 
flow over the Cells D, E, and F are completely different 
from those of Cells A, B, and C. Instead of uniform flow 
over the electrodes, the electrolyte may penetrate through 
the cut channel with high velocity and then flow through the 
porous region of the electrode for the Cells D, E, and F. The 
large velocity difference between the flows in cut channel 
and in the porous electrode, may serve as the disturbance in 
the electrode that causing the bubbles to flow out of the 
electrode. 
The predicted pressure drops across each cell as a func-
tion of inlet volumetric flow rate are shown in Figs. 3, 4, and 
5 for K = 1×10–9 m2, 1 × 10–10 m2, and 1 × 10–11 m2, respec-
tively. All the pressure drops are seen to vary linearly with 
the electrolyte flow rate. As expected, the pressure drop in-
creases with the decrease in porous electrode permeability. 
Based on the results shown in Figs. 3, 4, and 5, the order of 
magnitude of the pressure drop among the six designs is C > 
A > B > F > D > E under a given flow rate. Another impor-
tant conclusion from the pressure drop results is that the 
pressure drop across the porous electrode can be reduced by 
the introduction of channel in the porous electrode.  
Although the pressure drop can be reduced by using the 
channeled porous electrode, electrode active area is reduced. 
The reduction of electrode active area causes the reduction  
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Fig. 2.  Streamlines inside the cells K = 1 × 10–11 m2, ε = 0.7, and Qin = 2 L/h: (a) cell A, (b) cell B, (c) cell C, (d) cell D, (e) cell E, (f) cell F. 
 
Fig. 3.  Pressure drop across the cell as function of electrolyte 
flow rate. K = 1 × 10–9 m2, and ε = 0.7. 
of output current at a given cell voltage. A simplified model 
is described below to evaluate the net power output of each 
cell design shown in Fig. 1. The net power output from the 
cell (Pnet) is equal to the power output from the cell (Pcell) 
minus the pumping power (Ppump) required for circulating 
the fluid, ie,   
2net cell pumpP P P= −                 (7) 
 
Fig. 4.  Pressure drop across the cell as function of electrolyte 
flow rate. K = 1 × 10–10 m2, and ε = 0.7. 
where Pcell is the product of cell voltage (E), current density 
(i), and electrode active area (A). 
cellP EiA=            (8) 
For typical VRB, the current density and cell voltage are 
taken as 0.03 A/cm2 and 1.5 Volt, respectively. The power 
consumed by the pumps is given as  
pum inP Q p= Δ               (9) 
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where ΔP is the pressure drop. Table 1 shows the perform-
ances of the cell designs for flow rate of 5 L/h based on Eqs. 
(7-9). As indicated in Table 1, cell D has the best net power 
output among the designs shown in Fig. 1.  
Table 1. Net power output of VRB with various flow cell and electrode designs (Qin = 5 L/h, K = 1 × 10–11 m2) 
Cell A B C D E F 
Output power from cell, Pcell (W) 4.5 4.5 4.5 4.176 4.028 4.257 
Power consumed by pump, Ppump (W) 0.45 0.42 0.47 0.01 0.007 0.234 
Net power output, Pnet (W) 3.6 3.66 3.56 4.156 4.014 3.789 
 
 
Fig. 5.  Pressure drop across the cell as function of electrolyte 
flow rate. K = 1 × 10–11 m2, and ε = 0.7. 
5. Conclusion 
In this study, novel designs on reducing the pressure drop 
across the porous electrodes in VRB were proposed and 
numerically studied. For the lab-scale single electrode size, 
we found that the pressure drop can be reduced by the in-
troduction of channels in the flow cell and electrode designs. 
Instead of directly injecting the electrolyte as done in con-
ventional design the introduction of flow distribution and 
collection channels outside the porous electrode can produce 
better flow uniformity through the electrode. By the intro-
duction of channels inside the porous electrode, the pressure 
drop can be reduced and does not produce significant net 
power output loss.  
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